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ABSTRACT
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Thesis directed by :

Dr. Piero M. Armenante
Assistant Professor of Chemical engineering
Dr. Gordon A. Lewandowski
Professor of Chemical engineering

The degradation of 2-Chlorophenol by Phanerochaete
chrysosporium, a white rot fungus, was studied in three different reactor configurations, namely a batch reactor, a chemostatic reactor with the fungus
immobilized on a silica based porous biocatalyst, and a packed bed
reactor utilizing balsa wood chips as packing.
Preliminary experiments indicated that the use of porous solid
support improved the degradation rate in batch reactor and chemostatic reactor. However, the packed bed configuration was found to be
superior, and was studied in greater detail. The apparent MichaelisMenten kinetic constants were obtained for the packed bed reactor.
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CHAPTER ONE

I TRODUCTIOX
Environmental contamination by toxic xenobiotic chemicals has
become a serious worldwide problem. These contaminants arise predominantly from agricultural and industrial sources. Chlorophenols
and their derivatives are one particularly large group of toxic xenobiotics which are extensively used as insecticides, fungicides and herbicides for industrial and agricultural purposes throughout the world.
These compounds are quite toxic and their toxicity tends to increase
with the degree of chlorination.
Disposal of industrial chemicals, especially toxic compounds, is becoming increasingly difficult for both practical and political reasons.
Dumping or burial of these toxic compounds is often restricted due to
strict government regulations.

2
Incineration, adsorption and other chemical treatment are being investigated as alternative methods to reduce the effluent concentration
in wastes. These methods of treatments are not only costly but are
also meeting with public resistance because of their potential environmental impact. The use of microorganisms for the biological treatments of toxic wastes is one promising area which is currently receiving
widespread attention. Biological treatment is not only cheaper but also
results in environmentally acceptable end products such as water, CO2
and other inorganic salts with low or no toxicity.
Due to the presence of a very stable benzene nucleus in the chlorinated phenols, only a few microbes can decompose these toxic chemicals. Therefore, these chlorinated phenols tend to accumulate in the environment. One of the microorganisms which can degrade halogenated
phenols is Phanerochaete chrysosporium, a white rot fungus. This fungus produces a system of extra cellular enzymes which are capable of
breaking down lignin , a complex aromatic polymer that is otherwise
very resistant to decay. These enzymes are non specific and are also
able to degrade a wide range of toxic aromatic compounds, including
chlorinated phenols.
The advantages of using this particular microorganism in waste
detoxification processes are:
1.

It grows rapidly and produces a large number of conidia, thus

simplifiying handling in the laboratory and in industrial practice;
2.

It produces a highly active ligninase enzyme system of broad

specificity capable of degrading aromatic compounds;

3
Optimum growth and enzyme production is obtained at rela-

3.

tively low pH (4-4.5) and high temperature (39-40 °C).This makes the
culture less susceptible to contamination.
One particular drawback in the use of Phanerochaete chrysosporium
for practical purposes is its inability to produce enough enzymes when
this fungus is subjected to shear stress, making it difficult to degrade
toxic compounds in simple agitated reactor configuration.
The purpose of this research was to explore and optimize the reactor configuration design which is best suited for the biodegradation
of recalcitrant compounds such as 2-chlorophenol. This resulted in the
use of the fungus on immobilized silica-based biocatalyst in batch fermenters and in packed bed reactors so as to minimize the shear stress
effects.

CHAPTER TWO

LITERATURE REVIEW
The white rot fungus Phanerochaete chrysosporium , a wood decaying basidiomycete, has recently been shown to produce extracellular
enzymes that oxidize lignin completely to CO, (28). Most of these enzymes required H202 for their activity. These enzymes are non specific
and can degrade a broad spectrum of chlorinated hydrocarbons as well.
Eaton et al. (10) tested Phanerochaete chrysosporium and several
other different microorganisms for mineralization of PCB ( polychlorinated biphenyls ). Among the five microorganism tested for degradation of aroclor (a mixture of polychlorinated biphenyls), namely, Phanerochaete chrysosporium, Phlebia brevispora, Funalia gallica, Coriolus
versicolor and Poria cinerescens, Phanerochaete Chrysosporium was
found to mineralized PCB at the highest rate and was chosen for his
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study. It was suggested that PCB degradation also begins at the onset
of secondary metabolism, triggered by nitrogen limitation. However,
those cultures that had no energy source left in the media were unable
to mineralize PCB, indicating that PCB was not used by the fungus as
a (primary) carbon source.
Arjmand and Sandermann (2) found that Phanerochaete chrysosporium was able to mineralize 35 % and 50 % of 4-chloroaniline and
3-4 dichloroanilines respectively. Several fungal chloroaniline-derived
metabolites were formed, but the free chloroanilines or their azo and
azoxy derivatives were not detected. Hence they concluded that complete removal of chloroaniline took place.
Phanerochaete chrysosporium was used by Huynh, et al.(20) to degrade chlorinated organics in waste water treatment systems. Most of
the chlorinated phenols and other low molecular weight components
and their chlorinated derivatives were removed. Veratryl alcohol was
the major end product. It was concluded that the degradation mechanism involved methylation, oxidation, and reduction.
Bumpus, et al. (6) reported the ability of Phanerochaete chrysosporium to mineralize recalcitrant organohalides such as lindane (hexachlorocyclohexane), polychlorinated dibenzo(p)dioxins, DDT [1,1-bis
(4-chlorophenyl) 2,2,2-trichloroethane] and polychlorinated biphenyls.
The fungus was also able to completely degrade alkanes that were chlorinated on every carbon atom. The pathway for DDT degradation
by Phanerochaete chrysosporium is clearly different from the major
pathway proposed for microbial degradation. It was concluded that
biotreatment systems inoculated with this organism under nitrogen lim-
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icing conditions might provide an effective and economical means for
the biological detoxification and disposal of hazardous chemical wastes.
Bumpus et al. (7) has showed that Phanerochaete chrysosporium
was able to mineralize penta-chlorophenol (PCP). This fungus was able
to degrade 12 ppm of PCP in less than 30 hours. He also found that
this fungus was able to survive and degrade up to 500 ppm of PCP.
The enzymes involved in the mineralization of PCP were mainly H202dependent peroxidases.
Leatham, et al. (30) found that POL 88, a mutant strain of Phanerochaete chrysosporium, could degrade phenolic compounds and cleave
aromatic rings. Of 36 phenolic compounds tested, 16 compounds were
degraded by more than 50 % and 28 compounds were degraded by at
least 20 % in 3 days. With several o-diphenolic substrates, degradation
intermediates produced contained muconic acid. They concluded that
this fungus was among the most versatile and non specific degraders of
aromatic molecules examined.
Sanglard, et al. (44) showed that Phanerochaete chrysosporium
rapidly oxidized benzopyrene, a polycyclic aromatic hydrocarbon, to
CO2. Some 99.5 % of benzopyrene was converted to metabolic products in 54 hours. Extracellular ligninase was shown to be involved in
the initial oxidation reaction. It was concluded that the ligninase is
fairly non specific and non stereo-selective, as one would expect from
an enzyme that is able to attack a basically random polymer like lignin.
Pak (39) found the Phanerocheate chrysosporium can effectively degrade 2-chlorophenol. In his experiments with shaking flasks, he was
able to degrade 20 ppm of 2-chlorophenol in less than four hours. He
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was also able to show fungal degradation activity in packed as well as
fluidized bed reactor experiments. However, he was unable to get significant degradation of 2-chlorophenol in batch fermenters agitated by
mechanical stirrers. He analyzed various types of reactor configurations
and came to the conclusion that a packed bed reactor with porous silica
beads as inert support was the optimal configuration. He also showed
that the fungus can mineralize up to 500 ppm of 2-chlorophenol in
20 hrs. In his experiments, Phanerochaete chrysosporium was able to
survive in a solutions containing up to 1400 ppm of 2-chlorophenol.
In another study, Ziegler et al.

(49) reported that Phane-

rochaete chrysosporium was able to degrade veratrylglycerol-0-2,4
dichlorophenyl ether, a lignin bound xenobiotic residue.
Some bacterial cultures were also found to be active in the degradation of chlorinated aromatic compounds. Bedard et al. (4) reported extensive degradation of Aroclors by Alcaligenes eutrophus
H850. Bopp (5) used pseudomonas to degrade 2,4,5 trichlorophenol
from soil. Saber and Crawford (43) reported the removal of PCP from
soil using Flavobecterium, sp..

FERMENTATION PARAMETERS
In the development of bio-conversion process, the optimization of
fermentation parameters is a highly desirable objective. Mineralization of xenobiotic aromatic organic compounds by Phanerochaete
chrysosporium proceeds under the same conditions as for lignin. Since
very little knowledge about the aromatic ring cleavage enzyme system
exists for this fungus, the effect of the process parameters on the activity of the enzyme system is not fairly defined. However, breakdown
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of lignin has been studied extensively, as it is believed that mineralization of chlorinated aromatics follow a path similar to that of lignin
metabolism. Enzymes responsible for degradation of lignin completely
to carbon dioxide were first isolated from shallow stationary cultures
grown in 125 ml erlenmyer flasks (22). Various culture parameters for
degradation of lignin and production of ligninase enzymes system have
been studied extensively using standing cultures and are now briefly
examined.
1. NITROGEN:
Concentration of nitrogen in the medium was found to be critical for
ligninolytic activity (11,13,14,27,28,35,40,41). It has been reported that
the ligninolytic activity can be completely suppressed by the addition
of nitrogen in the media. Kirk et al. (28) observed that although
the source of nitrogen was not critical, the concentration of nitrogen
greatly influence lignin degradation. The extend and rate of ligninolytic
activity was only 25 - 30 % in the medium containing 24 mM of nitrogen
than in one containing 2.4 mM of nitrogen. The mechenism for the
adverse effect of high nitrogen concentrations on lignin metabolism is
not known. Faison et al. (11) detected maximum ligninase activity
in the extracellular culture fluid 24 to 36 hours after the depletion of
nitrogen.
Reid (40,41) showed that addition of nitrogen strongly inhibits lignin
degradation. However, in his studies he also mentioned that addition
of complex nitrogen sources such as peptone and yeast stimulate lignin
degradation.
Buswell et al. (8) obtained very high levels of lignin-degrading en-
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zyme from the mutant Phanerochaete chrysosporium INA-12, under
conditions where nitrogen was non-limiting. Although nitrogen limitation has been a prerequisite for the onset of significant lignin degradation, Phanerochaete chrysosporium INA-12 produced higher level of
ligninase activity than other strains when glycerol served as an alternative carbon source to glucose. This may be related to the poor growth
rate of Phanerochaete chrysosporium INA-12 on glycerol compared to
glucose.
2. OXYGEN:
Oxygen concentration was also found to be an important rate determining factor. Kirk et al. (28) found that rate and extend of conversion
of lignin to carbon dioxide was two to three fold greater under 100 %
oxygen than 21 % oxygen (air) and that no lignin degradation was
observed in a 5 % oxygen atmosphere.
3. CARBOHYDRATES:
Kirk et al. (28) demonstrated that carbohydrates are a necessary
growth substrate for decomposition of lignin by white rot fungi. Carbohydrates such as glucose cellulose, cellobiose and xylose can serve as
carbon source. Carbohydrates are also required for the production of
ligninolytic enzymes. Kirk reported that low glucose concentrations enhances the enzyme production but glucose concentrations below 0.1 %
suppressed the ligninase activity. Reid et al. (40) showed that cultures
whose carbon/energy source had been depleted stop mineralization.
Similar results were obtained by Leisola et al. (35)who showed that
depletion of glucose or energy source stoped the enzyme production.
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However, Sanshekar et al. (45) reported that limitation of carbohydrate and sulphur also triggered ligninase activity of fungus.
4. pH:
The effect of the pH of the medium was also found to be an important factor for good ligninase activity. Phanerochaete chrysosporivm metabolized lignin optimally when grown at approximately pH
4.5, with substantial suppression of degradation if the pH was below
3.5 and above 5.5 (28) . An extensive survey of possible buffers showed
2,2-dimethyl succinate to be superior to o-phthalate (15).
5. AGITATION:
The effect of agitation on the ligninase activity has also been studied (15,27,42). Most of the studies carried out in suspended cultures
showed that ,agitation suppresed ligninase activity. It was also found
that agitation resulted in the initial formation of mycelial pellets and
suppressed ligninase activity (28). However Reid, et al. (40) showed
that cultures agitated on a gyratory shaker degraded lignin to carbon
dioxide as effectively as static cultures. Similar results were obtained by
Pak (39), who was able to obtain a substantial amount of degradation
of 2-chlorophenol in cultures which were agitated on gyratory shaker.
However, he was unable to obtain any significant rate of degradation
activity in agitated fermenters.
A recent study by Kirk, et al. (27) reported the beneficial effect of
detergent addition on the development of ligninase activity in agitated
submerged cultures. These cultures were grown in a chemically defined
medium containing 2.2 mM ammonium tatrate, 1 % glucose and 0.4
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mM veratryl alcohol. 10 mM dimethyl succinate (pH 4.3) was used as
buffer. Results showed that addition of Tween 80, Tween 20, or 3-[(3colamidopropyl) dimethyl ammoio] 1-propane sulphate to the cultures
produced ligninase activities comparable to those obtained in the stationary cultures. They suggested that two of the detergents, Tween
20 and Tween 80, probably supplied fatty acids (lauric and oleic acid,
respectively) to the cultures.
In order to overcome the sensitivity of the lignin peroxidase production to agitation and shear stress, the utilization of immobilized Phanerochaete chrysosporium spores both in agarose and agar gel beads have
been studied in different reactor configurations. Linko et al. (36)
showed that agarose bio-catalyst produced higher peroxidase activities in a shorter time than the agar bio-catalyst. The enzyme activity
of lignin peroxidase in a medium with (0.5 g/l) was 30 % higher than
without it.
Leisola, et al. (34) reported that the extracellular H202-dependant
ligninase activity of Phanerochaete chrysosporium was produced in agitated culture conditions when veratryl alcohol or veratreldehyde were
added to the cultures. Too high an agitation speed, however, led to
complete inhibition of the ligninolytic activity and reduction of veratreldehyde. They analyzed the medium during the secondary ligninolytic metabolism of the culture using glucose as the primary carbon
source. The major soluble organics accumulating in the culture filtrate were veratryl alcohol (60 %), veratreldehyde (5-10 %) and two
unknown metabolites. It was shown that these two metabolites were
two isomers of a ring cleavage product from veratryl alcohol. IR and
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H-NMR spectra of these compounds showed the absence of aromatic
rings.
Leisola et al. (31) showed that the time needed for the onset of enzyme activity and the final activity level was dependent on the average
diameter of the mycelial pellets. Highest activity (180 U/ml) was obtained with pellets having an average diameter of about 1-2 mm. With
somewhat smaller or larger pellets only 60 ufml activity was produced.
They also observed that the highest activity was obtained with carbon
limited agitated pellets when veratryl alcohol was used. However, it
was questionable whether veratryl alcohol itself was the inducing compound.
6. VERATRYL ALCOHOL:
Harvey et al. (19) reported that the role of veratryl alcohol in ligninase degradation was as an enzyme mediator. Veratryl alcohol was
oxidized to a radical cation which was not rapidly degraded. Therefore, it could act as a one-electron oxidant and, in the process of electron
transfer, it was regenerated. It was suggested that the lignin degrading enzyme functioned not as an oxygenase but a peroxidase and that
the oxidation reaction was brought about by the initial single electron
transfer between the aromatic ring and an active site in the enzyme.
Leisola et al (33) isolated two oxidation products of veratryl alcohol
from ligninolytic cultures of Phanerochaete chrysosporium. IR spectra
and H-NMR spectra of the purified compounds showed the absence of
an aromatic ring. However, it is not yet clear whether this benzene ring
cleavage was brought by the major ligninase protein or was due to a
non identified protein.
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Haemmerli et al. (18) investigated the oxidation product of veratryl alcohol by the lignin peroxidase. Five products were identified :
veratreldehyde, two quinones and two aromatic ring cleavage lactones.
Appearance of secondary metabolites and veratryl alcohol paralleled
the induction of ligninolytic activity. Veratryl alcohol was reported to
be synthesized ex novo from glucose. The relationship between veratryl
alcohol and lignin degradation was not clear. A recent study by Faison
et al (12) concluded that veratryl alcohol caused an increase in ligninase
activity by increasing the amount of certain ligninase proteins.
7. TRACE NUTRIENTS:
Kirk, et al. (26) suggested two methods for increasing the production fo ligninase by the fungus. The first method involved addition
of veratryl alcohol (0.4 mM) and excess trace metal salts such as Mn,
Fe, Zn to nitrogen-starved cultures. Addition of veratryl alcohol alone
resulted in two fold increase in activity, whereas addition of trace elements along with veratryl alcohol increased ligninase activity by seven
fold. Addition of trace elements without veratryl alcohol also resulted
in higher ligninase activity. The addition of veratryl alcohol with increased trace elements resulted in more than an additive increase in
ligninase activity. Further increases of veratryl alcohol (0.8 mM) or
trace elements concentration up to ten times the orignal amount did
not cause any further increase in activity. It was observed that Cu or
Mn caused an increase in activity equal to that observed with complete
trace element solution.
Solid growth substrates for Phanerochaete chrysosporium offer the
additional benefit of low shear environment, which has a dramatic effect
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on ligninase activity. Mudgett et al. (38) investigated the effects of the
gas environment and culture conditions on the conversion of natural
wood lignin by the attached fungus. It was suggested that the oxygen and carbon dioxide partial pressures in solid state fermentations
influenced significantly the regulation of microbial metabolism in solid
state fermentations, favoring biomass or product formation, depending
on the gas phase composition.
Various wild type strains of Phanerochaete chrysosporium have
been isolated, and mutants with altered properties have been developed. Kirk and Tien (29) compared selective strains of the fungus on
the basis of their total ligninolytic activity and production of lignin
depolymerizing enzymes. The seven strains included three wild type
isolates (ME-446, K-3 and BKM-F-1767), three cellulase negative (cell)
mutants (3113, 13132-176 and 85118-22 all derived from K-3) and one
mutant strain (SC26 derived from BKM-F-1767). It was confirmed that
the extracellular H202, which is required by ligninase, is rate limiting.

ENZYMOLOGY
Little is known about the lignin degrading enzyme system. Though
no pathways for lignin degradation have been postulated, a few speculations regarding the nature of enzymes can be made from the well
established pathways for degradation of aromatic compounds.
Dagley (9) proposed that if degradation of low molecular weight aromatics follow a mechanism similar to that of lignin, the following type of
reactions can be envisioned: lactonization, delactonization, isomerization, hydrolyses, transfers, dehydrogination and decarboxylation. Each
reaction would presumably require a separate enzyme.
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It appears that the most important enzymes in the degradation of
lignin and lignin-related compounds are monooxygenases, dioxygenases
and phenol oxidases.
1. MONOOXYGENASES:
Monooxygenases, along with dioxygenases, play a primary role in
the catabolism of aromatic compounds. Cleavage of aromatic ring in
lignin require two steps : a) preparation of ring for cleavage and b)
cleavage itself. In order to serve as a substrate for oxidative cleavage
by microorganisms, the aromatic ring must have two nuclephyles groups
either at ortho or para positions with each other.
In their studies of lignin degradation using white rot fungus, Kirk
and Chang (25) found no evidence for either type of reaction. Despite
low methoxy content, neither demethylated structures nor hydroxylated
aromatic rings were detected. This can be interpreted as an indication
that the rate of preparation of rings for cleavage is much slower than
rate of ring cleavage. In other words, in the catabolism of aromatic
compounds , the preparation of ring for cleavage may be the rate limiting step.
Wood et al., (48) showed that the enzymes responsible for the ring
cleavage by hydroxylation and/or demetylation are monooxygenases.
These enzymes are called mixed function oxygenases. These monooxygenases require a reducing coenzyme such as NADH or NADPH for
their activity.
2. DIOXYGENASE:
Wood et al. (48) showed that the aerobic cleavage of aromatic rings
by microorganisms is catalyzed by dioxygenases type of enzymes. These
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enzymes are non-heme iron containing proteins and require no coenzymes for their activity. Both atoms of molecular oxygen are incorporated into the aromatic ring to yield an aliphatic acid. This has, in
fact, been observed by Kirk with lignin degraded by fungus.
3. PHENOL OXIDASES:
Phenol oxidases has been detected in lignin fermentation broths by
Ander et al. (1). These enzymes, lactase oxidoreductase, tyrosinase oxidoreductase, and peroxidases are all copper containing proteins having
the property of catalyzing the direct oxidation of their respective substrates by atmospheric oxygen.
The importance of extracellular hydrogen peroxide in lignin degradation has become increasingly apparent. Kersten and Kirk (24) reported that under the ligninolytic conditions, P. chrysosporium produced extra extracellular hydrogen peroxide as well as the corresponding peroxidases. A number of potential substrates such as simple aldehyeds, hydroxycarbonyl and dicarbonyl compounds were tested. The
highest activity of extracellular H202-producing oxidases was observed
at pH 6, with methylglyoxal and glyoxal as secondary metabolites. No
H202 producing oxidase activity was observed in the absence of a carbon source, such as glucose, xylose, galactose and cellubiose.
Asada et al. (3) suggested that one of the possible physiological
roles of NADH peroxidases was to supply H2 02 to lignin peroxidase by
oxidizing NADH. Mn stimulated this reaction 3-4 fold.
Greene and Gould (17) suggested that intracellular fatty acylcoenzyme A oxidase, may be an important source of extracellular H202.
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They observed increased 11202 production and oxygen consumption in
the presence of stearyl coenzyme A with mycelia permeabilized with
Triton X-100 as detergent.
The possible involvement of interacellular enzymes in H202 production has also been studied. Kelley and Reddy (23) reported the isolation of interacellular glucose-l-oxidase, and suggested that this enzyme
is the primary source of peroxide in the ligninolytic cultures. However,
it has not been demonstrated that the action of these interacellular
H202-producing glucose oxidases actually results in extracellular H202.
Leisola, et al. (32) showed that in the culture fluid of Phanerochaete
chrysosporium, 21 hemoproteins were found which all had peroxidative
activity. Fifteen of these enzyme oxidized veratryl alcohol (lignin peroxidase) in the presence of 11202. Six enzymes were Mn-dependent peroxidases, which reached their activity earlier than the lignin peroxidases
in the culture. It was suggested that the many extracellular peroxidases
of Phanerochaete chrysosporium can simply be divided in to two basic
groups : Mn-dependent peroxidases and lignin peroxidases. However it
was not clear why the fungus produced two types of extracellular peroxidases. The fact that they appear and reach their maximal activity
at different times indicates that they may have different functions in
lignin degradation.
Glenn, et al. (16) reported that the H2 02-requiring enzyme is responsible for the generation of ethylene from 2-keto-4-thiomethyl butyric acid, which is a lignin model compound.
Huynh, et al. (21) observed that the fungus produced an extracellular aromatic methyl ester esterase and a separate aromatic methoxyl
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demethylase. It was reported that both esterase and demethylase were
components of the ligninolytic enzyme complex.
Umezawa, et al. (47) reported that demethylation was not essential for enzymatic aromatic ring cleavage of the methoxylated aromatic
substrates.
Kirk and Tien (29) used bench-scale rotating biological contactors
(RBC) to increase the production of ligninase from Phanerochaete
chrysosporium. The problem they encountered with this type of system was the poor adherence of fungus to the disk, even when excess
trace metals and veratryl alcohol were added. This resulted in negligible ligninolytic activity. This problem was solved by using a mutant
strain SC26 derived from the wild type strain BKM-1767. The level of
ligninolytic activity obtained was comparable to or higher than those
observed with BKM in flask cultures.

CHAPTER THREE

MATERIALS AND METHODS
ORGANISM AND INOCULUM
Phanerochate chrysosporium BKM-1767 (ATCC 24725) was obtained from the American Type Culture Collection, and from the
Department of Wood and Paper Science, North Carolina State University. As recommended by ATCC , the cultures were maintained
on potato dextrose agar media. Potato dextrose agar media was
prepared through boiling 300 g of diced potatoes in about 500 gm
of distilled and deionized water until thoroughly cooked and filtered
through cheese cloth. The volume of the filtrate was brought to one
liter with distilled water. 15 g of agar were then dissolved in the
filtrate by heating and 20 g of glucose were added prior to steriliza-
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tion.
The culture obtained from North Carolina State University was
maintained on yeast malt extract agar medium. Yeast malt extract
media was prepared by dissolving 0.3 g of yeast extract, 0.3 g of
malt extract, 0.5 g of peptone, 2 g of agar and 1g of glucose in 100
g of warm distilled and deionized water prior to autoclaving. After
autoclaving the medium was cooled to about 50-60° C. The pH of
the medium was adjusted to 4.3-4.5 by adding 0.7 ml of 1 N HC1.
CULTURE MEDIA
All media and solutions were prepared with distilled and deionized water.
Growth medium
The growth medium used to grow of Phanerochaete crysosporium in all types of experiments had the following composition.

KH2P 04

2.00 g

MgSO4

0.50 g

CaCl2

0.10 g

NH4C1

0.12 g

Glucose

10.00 g

Thiamine

1.00 mg

Mineral Salt Solution

5.00 ml

Water

1.00 liter

The final pH of the medium was 4.2-4.5.
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Induction Medium
After the fungal growth period was completed the growth
medium was replaced by induction medium in chemostatic and
packed bed reactors. The induction medium was used to stimulate the fungus to produce the enzyme system responsible for
2-chlorophenol mineralization. The composition of the induction
medium was:

KH2PO4

2.00 g

MgSO4

0.50 g

CaC12

0.10 g

NII4C1

12.00 mg

Glucose

2.00 g

Thiamine

1.00 mg

Mineral Salt Solution

5.00 ml

Water

1.00 liter

The final pH of the induction medium was 4.2-4.5.
Mineral Salt Solution
A mineral solution was used to provide the fungus with those
trace elements required for growth as well as production of the ligninolytic enzyme system. The composition of the mineral salt solution
was:

KH2P O4

0.20 g
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MgSO4.7H20

3.00 g

CaC12

0.10 g

MnSO4.2H20

0.50 g

NaC1

1.00 g

FeSO4.7H20

0.10 g

CoSO4

0.10 g

ZnSO4

0.10 g

CuSO4.5H20

10.00 mg

AlK (SO4)2.24H20

10.00 mg

1131303

10.00 mg

NaMoO4

10.00 mg

Nitrilotriacetate

1.50 g

Water

1.00 liter

2-CHLOROPHENOL ADDITIONS
In the batch fermenter (working volume 10 liters) 3.5 ml of pure
2- chlorophenol were directly added to obtain a final concentration
of 350 ± 10 ppm. In the continuous stirred tank reactor and packed
bed reactor 5 ml of 2-chlorophenol were mixed with 500 ml of water
for 2 minutes in a blender and the resulting solution poured into 20
liters of induction media. The final concentration was about 250 ±
20 ppm.
BATCH REACTOR
A schematic diagram for the batch reactor is shown in Figure 1. Most of the batch studies were conducted in Microferm
MF114 fermenters (working volume: 10 liters) manufactured by New

23
Brunswick Scientific. The fermenters contained the fungus immobilized on silica-based catalyst in order to decrease the shear stress
due to agitation which could affect the production of ligninase enzymes. For this purpose, two types of silica based biocatalyst having different pore sizes were studied. The biocatalyst JGP 73-2
(pore size 1 micron) and JGP 73-4 (pore size 20 micron) were obtained from Manville Corporation,denver, Colorado. These biocatalyst have same chemical composition and particle size (14 - 30 mesh).
A small Multigen fermenter (working volume 1.5 liter), also manufactured by the same company, was used in earlier experiments, but
later abandoned because of problems associated with the grinding
action on the catalyst caused by the fermenter stirrer having a magnetic base at lower end.
The biocatalyst was first treated with 0.01 N H2SO4 followed by
washing with distilled water. It was then dried overnight in an oven
at 110° C. The dried catalyst was added to the fermenter 8 hours
after inoculation. The inocula were prepared by homogenizing a 5day-old culture grown in 250 ml shaker flasks containing 100 ml of
growth media. 10 ml of this homogenized culture suspension were
used as inoculum in the reactor.
All fermentation experiments were carried out at 39° C with an
agitation speed of 400 rpm. The pH of the medium was controlled
at 4.5 ± 0.1 pH units using a New Brunswick pH controller using
a 1 N Na2CO3 solution as buffer medium. The aeration rate was
maintained at 2 liters/min.
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In the batch fermenter the fungus was allowed to grow utilizing
only the nutrients present in the growth medium. After 4- 5 days,
the nitrogen in the medium was found to be completely depleted.
On the 6th day of fermentation 5 ml of 2-chlorophenol was added
to the reactor. The concentration of 2-chlorophenol in the reactor
as well as in the off-gases was checked after every 8 hours, by gas
chromatography, as described below in greater detail.
Due to the presence of catalyst in the reactor it was very difficult
to estimate the amount of biomass during the fermentation. However, the amount of biomass was monitored indirectly by measuring
the respiration rate of the fungus. The respiration rate during fermentation was determined by shutting off the air flow to the reactor
for 1 minute and noting the decrease in the dissolved oxygen.
The relationship between the biomass and respiration rate was
obtained in a separate experiment in which no biocatalyst was
present. The fungus was grown in the fermenter in the same manner as in the fermentations containing biocatalyst. The respiration
rate of the fungus was obtained as discussed above. Also, 50 ml of
a sample from the fermenter were centrifuged at 4000 rpm and supernatant was removed. The residue was then washed several times
with distilled water and dried overnight at 70 °C to determine the
dry mycelium weight.
CHEMOSTATIC REACTOR
A microform MF114 was used as chemostatic (continuous stirred
tank) reactor. The fungus was grown batchwise in the reactor for
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six days, exactly in the same manner as in the batch reactor. On
the 6th day 5m1 of 2-chlorophenol were added to the reactor. At
the same time the induction medium containing about 250 ppm of
2-chlorophenol was introduced in the reactor at constant rate and
the overflow was collected in another container, thus keeping the
reactor volume constant. The overflow from the reactor was checked
priodically for 2-chlorophenol, nitrogen, and glucose contents.
PACKED BED REACTOR
A schematic diagram for the packed bed reactor is shown in Figure 2. A plastic pipe, 4 inch I.D x 26 inch in length, closed at
both ends, was used as a packed bed reactor. The reactor working
volume was 4.5 liters. In order to better monitor the degradation
of 2-chlorophenol inside the reactor, the reactor was provided with
five sampling ports. These sampling ports were situated at equal
distance and were used to moniter the production of enzyme and
2-chlorophenol degradation inside the reactor.
Balsa wood chips cut to size 1/4 inch in diameter and 1/2 - 3/4
inch in length, were used as packing material. The temperature of
the system was maintained constant by circulating water at 39° C in
the reactor jacket. Conidia from agar plate were used as inoculum
and the fungus was allowed to grow on the surface of the packing
material for seven days. During this phase, 2.5 liters of growth media
from a separate flask were recirculated in a close loop throughout
the reactor. On the 8th day the close loop circulation of growth
medium was stopped. Instead, the reactor was constantly fed with
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induction medium containing about 450 - 500 ppm of 2-chlorophenol
introduced from the bottom of the reactor. The overflow from the
reactor was separatly collected. The aeration rate was maintained
at 500 ml/min. Samples from the reactor (inlet, exit and sampling
ports) were analyzed for 2-chlorophenol, glucose, nitrogen chloride
concentration every 12 hours.
A second set of experiments with the same reactor was run utilizing an induction medium containing 1000 ppm of 11202 along with
2-chlorophenol. In these experiments no air was introduced in the
reactor. The oxygen requirement of the fungus was provided by the
hydrogen peroxide. The other operating parameters were the same
as in the case of packed reactor with aeration.
A third set of experiments were run with a feed containing no
induction medium but only 2-chlorophenol and water. All other operating parameters were the same as those of the packed bed reactor
with induction medium and aeration.
NITROGEN ASSAY
Since NR4C1 was used as a nitrogen source in the growth medium
as well as in the induction medium, an Orion ammonia electrode
(model 95-12) was used to measure the nitrogen concentration of
each sample during fermentation. An Orion model 701-A pH meter was used to measure the my response of the electrode immersed
in the sample. The my reading could be tranformed in to the corrosponding nitrogen concentration using a calibration curve obtained
as described below.
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A nitrogen standard was prepared by dissolving 4.6071 g of pre—
dried ammonium chloride in 1 liter of distiled water, giving a nitrogen concentration of 1000 ppm. 100, 10, 1 and 0.1 ppm nitrogen
standards were prepared by diluting the 1000 ppm standard. The
calibration of the ammonia electrode was performed by placing it in
50 ml of 10 ppm nitrogen standard in a 100 ml beaker. 0.5 ml of
a pH adjusting solution (Orion Research cat. no. 951211) was also
added. The reading of the 10 ppm nitrogen standard was arbitrarily
set to zero (enough time was allowed to stabilize electrode response).
This calibration procedure was then carried out for other standards.
The resulting calibration curve [electrode potential in my vs. log
(ppm N2)] was linear in the range 0.1 to 1000 ppm.
For each measurement, the electrode was first placed in a 10 ppm
nitrogen standard containing 0.5 ml of pH adjusting solution. The
corresponding my reading on the meter was set to zero. The electrode was then washed with water and placed in 50 ml of unknown
solution containing 0.5 ml of pH adjusting solution. The my reading
on the meter was noted. The corresponding nitrogen concentration
was obtained from the calibration curve.
GLUCOSE ASSAY
The o—toluidine method was used to determine the glucose concentration during fermentation (37). At high enough temperature
(100° C) o-toluidine reacts with glucose in the presence of an acid
to form a blue—green color complex. The intensity of the color is
proportional to the glucose concentration.
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0.5 ml of 1 M EDTA solution were added to 10 ml of a sample
collected from the fermenter, and centrifuged for 10 minutes at 5000
rpm. 0.1 ml of sample, 0.1 ml of standard glucose (Sigma cat. 635100) and 0.1 ml of distilled water were taken in three test tubes,
labeled respectivily as test, standard, and blank. 5 ml of o—toluidine
solution (Sigma cat. 635-6) were added to each test tube. The
tubes were placed in a boiling water bath for exactly 10 minutes.
The tubes were quickly removed from boiling water and immediately
placed in cold water for three minutes. The contents of the tubes
were transferred to cuvets and their absorbance was measured at 635
nm using Spectronic 20, Baush & Lomb, spectrophotometer, taking
the blank as reference.
2- CHLOROPHENOL ASSAY
A gas chromatograph (Varian 3700) was used to determine the
concentration of 2-chlorophenol in the samples. A 10-ml sample was
taken from the reactor and centrifuged for 10 minutes at 5000 rpm.
One pl of this sample was injected into a 6-ft x 1/8-inch stainless
steel chromatographic column containing 10 % SP2100 on 100/200
Supelcoport. The temperatures of oven, injector and detector were
kept at 140 °C, 210 °C and 250 °C respectively. Nitrogen (flowrate
30 ml/min) was used as a carrier gas. The hydrogen and air flow
rates were kept at 10 ml/min and 100 ml/min. A Hewlett Packard
3390A electronic integrator was used to determine the peak area.
ENZYME ASSAY
The H202-dependent extracellular enzyme responsible for degra-
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dation of lignin and 2-chlorophenol was detected during fermentation
by adding 2m1 of 2 mM veratryl alcohol and 1 ml of 0.4 mM 11202
to a 10-ml sample containing no 2-chlorophenol. Samples were incubated for 2 hours at 37 °C. The increase in absorption at 310 nm
was then measured spectrophotometrically (46).
DISSOLVED OXYGEN
During fermentation, the dissolved oxygen concentration was determined by a sterilizable DO electrode (New Brunswick Scientific,
model M1016-0310) mounted on the fermenter lid and immmersed
in the broth. The electrode was coupled with a dissolved oxygen analyzer (New Brunswick Scientific Model DO-50). The oxygen electrode was calibrated by bubbling nitrogen gas through the cooled
medium following sterlization and adjusting the zero control knob
until the dissolved oxygen meter indicates zero. The fermenter was
then aerated with air for five minutes with constant agitation and
the span control set at 100 %. The oxygen concentration during
fermentation was determined by direct reading on the meter multiplied by 6.2 ppm, the oxygen saturation concentration at 39 °C, and
dividing by 100.
CHLORIDE ASSAY
The increase in chloride concentration due to the degradation of
2-chlorophenol was monitored through a chloride electrode (Orion
Research cat no.96-17-00) coupled with an Orion pH meter model
701-A. The chloride electrode was calibrated by placing the electrode in 50 ml of a 10 ppm standard chloride solution together with
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1 ml of ionic strength adjuster (ISA) solution. Reading on the my
scale was arbitrarily set to zero. This calibration procedure was
carried out for a series of standards and a calibration curve was prepared [electrode potential in mV vs. log (ppm N2)] similarly to the
nitrogen assay. The ISA solution was prepared by dissolved 42.5 gm
of reagent grade sodium nitrate into 100 ml of water.
The concentration of chloride in the samples was determined by
adding the appropriate amount of ISA solution to each sample and
then placing the electrode in the sample. The calibration curve
was then used to determine the sample concentration from the my
reading.
2—CHLOROPHENOL ASSAY IN OFF—GAS
Due to the volatile nature of 2—chlorophenol, the off gas coming
from the batch fermenter contained 2-chlorophenol. In order to determine the amount of 2—chlorophenol in the off—gas, the gas was
bubbled through three flasks, containing 2 liters of water each and
connected in series to absorb 2—chlorophenol. Samples from each
flask were analyzed for 2—chlorophenol every 12 hours. The water in
the absorption flasks was changed periodically to ensure complete
absorption of 2—chlorophenol.

CHAPTER FOUR

RESULTS AND DISCUSSION
BATCH REACTOR
The consumption of primary nutrients by Phanerochaete chrysosporium in batch fermenters containing biocatalyst is presented in Table
1. After the fifth day, the nitrogen (as ammonium ion) in the growth
medium was completely depleted and the glucose consumption rate decreased accordingly (Figure 3). This change in the primary nutrients
was comparable to that observed by Pak (38) in similar fermenters with
medium containing no biocatalyst.
Figure 4 and Table 2 show the relationship between the change
in dry mycelial weight and the corresponding respiration rate during
growth. Although the dry mycelial weight increased after depletion of
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nitrogen in the medium,no increase in the respiration rate was observed.
This indicates that the increase in the dry mycelial weight after nitrogen
depletion phase was not due to an increase in the number of fungal cells
but could be attributed to the accumulation of some polysaccharides
within the cells.
In order to compare the overall efficiency and biocatalyst pore size
effects, a first-order kinetic model was initially used to describe the
fungal detoxification activity against 2-chlorophenol.
Assuming a constant biomass and enzyme concentration during the
study, the mass balance for 2-chlorophenol in the fermenter can be
expressed as:
V dC/dt = — V Kb C — V K, C
dC/dt = — (

K,) C

dC/dt = — K C
1(.. Kb

K,

Upon integration:
K = (1/t) In (Co /C)
and
C= Co exp (-K t)
where:
Co = initial concentration of 2-chlorophenol (mg/1)
final concentration of 2-chlorophenol (mg/1)
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K = overall kinetic constant (hr-1)
K, = first order stripping constant (hr-1)
Kb =

V

first order biodegradation constant (hr-1)

= volume of reactor (1)

t = reaction time (hr)
Assuming that the stripping of 2-chlorophenol by air also follows a
first order kinetics, then value of K, can be calculated by the analyzing
the off gases coming from the reactor. From a material balance for the
bottles absorbing 2-chlorophenol from the off gases, it is:
V, dC,/dt = K, V C
where:
C, = 2-chlorophenol concentration in receiving bottles
V, = volume of water in receiving bottles
By substituting the value of C in the last equation one obtains:
V, d C,/dt = K, (V/V,) Co [exp (-K t)]
Upon integration and rearranging:
= (K,/K) (V/V,) Co [1-exp (-K t)]
A plot of C, vs [1 - exp (-K t)] gave a straight line with slope being
(K,/K) (V/V,) Co. Knowing the value of overall kinetic constant K and
air stripping constant K,, the biodegradation rate could be calculated
from:
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Kb =

K — K,

Table 3 presents the data obtained when 2 % (by weight) of JGP 732 biocatalyst was used to immobilize the fungus. The biodegradation
shown in the table was obtained by closing the 2-chlorophenol mass
balance over the reactor. Thus balance can be written as:
Cb = [V (Co C)

C3] / V

where
Cb =

concentration drop attributed to biodegradation by the

fungus.
From a regression analysis of the data the first order rate constant
for 2-chlorophenol degradation by the fungus was determined to be 1.20
x 10-4 hr-1 and calculated air stripping constant being 1.0453 x 10-2
hr-1. These results are graphically presented in Figure 5.
The complete mineralization of 2-chlorophenol is based on the reaction:
2 C4H4OHC1 +7 02

>8 CO2 +4 H2O +2 HC1

This implies that for each 3.62 ppm of 2-chlorophenol disappearing from the reactor 1 ppm of chloride ions should appear, since the
molecular weight of the two species are 128.56 and 35.5 respectively.
Therefore, one should be able to detect an increase in the chloride
ion concentration with time as the reaction proceeds.
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This is precisely, what was observed in these experiments. The
corresponding results are graphically presented in Figure 6. One can see
that 81 % of chlorine initially present in the 2-chlorophenol molecules
was recovered as free chloride ion.
Table 4 presents the biodegradation of 2-chlorophenol when 3 %
(by weight) of the JGP 73-4 biocatalyst support was used. A similar
analysis of the data gave a value for the first order rate constant equal
to 1.097 x 10-3 hr-1.
This eight fold increase in 2-chlorophenol degradation when 2 % by
weight of the JGP 73-4 biocatalyst was used, can be explained if one
compares the average pore diameter of the two catalysts investigated.
The JGP 73-2 biocatalyst support has a pore diameter (1 µ111) smaller
than the average size of fungal cell (10-20 p111) whereas the catalyst
JGP 73-4 has just the right pore diameter (20 AM) which enables the
fungus to grow inside the catalyst particle and protect fungus against
shear stress due to agitation.
Table 5 and 6 present the degradation of 2-chlorophenol when 3 %
(by weight) JGP 73-2 and JGP 73-4 were used as inert support. The
results of regression analysis are presented graphically in Figure 7 and
8 respectively. The corresponding first order rate constant obtained for
JGP 73-2 and JGP 73-4 are 9.506 x 10-4 hr-1 and 2.827 x 10-3 hr-1 respectively. It appears that an increase in the amount of biocatalyst also
increases the rate of 2-chlorophenol degradation. However, this rate increase was not linearly proportional to the increase of the biocatalyst
mass.
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CHEMOSTATIC REACTOR
The data for the degradation of 2-chlorophenol in the chemostatic
reactor are reported in the Table 7. These data are graphically presented in Figure 9. Under steady state conditions, i.e., constant density,
constant biomass and constant enzyme concentration, a mass balance
for 2-chlorophenol in a chemostatic reactor can be expressed as:
V/Q = (C0-C) / (-r)
Assuming that the degradation of 2-chlorophenol is adequately represented by a first order kinetics, it is:
V/Q = (C0-C) / K C
K = (Co-C) Q / V C
where:
V

= volume of the reactor (ml)

Q = volumetric flow rate (ml/hour)
Co = 2-chlorophenol concentration in feed (mg/ml)
C = 2-chlorophenol concentration in exit stream (mg/ml)
K = first order rate constant
The first order rate constant obtained under the steady state conditions was calculated to be 3.89 x 10-2 hr-1, which represents a 10-fold
increase in the degradation rate in comparison to a batch reactor having
the same amount of biocatalyst.
The degradation rate increase in this case can be explained by noticing that the reactor was fed with a feed containing induction medium
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along with 2-chlorophenol. The nutrients present in the induction
medium resulted in a higher enzyme concentrations and in an increase
of 2-chlorophenol degradation.
PACKED BED REACTOR
In the first set of experiments with the packed bed reactor, air was
introduced at the bottom of the reactor along with the feed. The data
for this system were analyzed by assuming a first order kinetics.
An analysis for 2-chlorophenol in the samples extracted from different sampling ports gave, surprisingly, almost the same 2-chlorophenol
concentration. This could be attributed to the mixing action of the
air introduced into the reactor. It was concluded that the packed bed
reactor under these conditions behave more like a well mixed reactor
than a plug flow reactor.
The biodegradation of 2-chlorophenol in a packed bed reactor, when
no co-substrate was present in the feed, is presented in Table 8. Considering the packed bed as a well mixed reactor, one can still use the mass
balance derived above for the chemostatic reactor. The first order rate
constant so obtained was 4.97 x 10-1 hr-1. In a long-term study of 2chlorophenol degradation in the packed bed reactor, no decrease in the
fungal degradation activity was noticed during first sixteen days. Then
the activity decreased gradually as shown in Figure 10 . These results
were further confirmed noticing a decrease in the chloride concentration
in the outlet stream.
From these results one can conclude that balsa wood chips cannot
serve as both solid support and co-substrate, as claimed by Pak (39).
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Table 9 presents the data obtained when the same reactor was fed
with a feed containing induction medium. In order to better understand the kinetics of fungal degradation rate in the reactor, data were
obtained at five different flow rates. These data were also interpreted
using the same mass balance reported above for the chemostatic reactor since the aerated packed bed reactor behaved as a well mixed
system. The first order rate constant so obtained was 3.34 x 10-1 hr--1.
Table 9 also shows that 84 % of the chlorine initially present in the
2-chlorophenol fed with the medium to the reactor was recovered as
free chloride ion. This figure can then taken as the percentage biological mineralization of 2-chlorophenol under the conditions of the
experiment. In a long-term study of 2-chlorophenol in the packed bed
reactor, no decrease in the fungal degradation activity was noticed for
about two months when induction medium was used as feed.
The performance of the packed bed reactor appears to be superior
to that of the chemostatic reactor. The ten fold increase in the first
order rate constant in the packed bed in comparison to the chemostatic
reactor can be explained on the basis of shear stress effects on the fungal
cells. In the chemostatic reactor, although the fungus was immobilized
in the solid support, the shear stress due to agitation is much greater
than in the packed bed where the shear stress effects can be assumed
to be negligible.
In order to study the packed bed to a greater detail, the introduction
of air was replaced with the addition of 1000 ppm 11202in the feed. The
results obtained under these conditions are presented in Table 10 and
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Figure 12 in terms of 2-chlorophenol concentration in the outlet stream
vs. flow rate. By replacing air with 11202 , the reactor behaved similarly
to a plug flow reactor.
The following mass balance for 2-chlorophenol can be written for a
differential segment of the packed bed reactor :
QC—Q(C+dC) =—(- Adx

Q dC = (-r) A dx
where
-r = rate of 2-chlorophenol removal
As a first approximation, one can assume that the 2-chlorophenol degradation follows a first order kinetics. The mass balance can be written
as:
QdC =KCAdx
dC/C = K A/Q dx
Hence
K = (Q/(L A) In (Co /C)
K= (Q/V) In (Co /C)
where:
K = overall kinetic constant (hr-1)
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Co = concentration of 2-chlorophenol in feed (mg/ml)
C

= concentration of 2-chlorophenol at exit (mg/ml)

Q = liquid flow rate (ml/hr)
V = reactor working volume (ml)
L = length of reactor (cm)
The first order rate constant obtained by regressing the data in
Table 10 using the last equation shown above gave a value of 4.11 x
10 -1 hr-1, which is close to the rate constant obtained in the previous
experiments with the introduction of air.
This degradation activity was also confirmed by the corresponding
increase in the chloride ion concentration. About 83 % of the chlorine
in the 2-chlorophenol molecule was recovered as free chloride ion. These
results are presented graphically in Figure 12.
The preliminary first order kinetic constants for all the systems investigated are compared in Table 14.
The results obtained in the packed bed reactor fed with H202 were
re-interpreted using the more appropriate Michaelis Menten model for
this enzymatically catalyzed reaction.
According to the Michaelis Menten equation it is:
-r = (v, C CE )/ (Km + C)
From a mass balance for 2-chlorophenol in a plug flow reactor, one
can write:
QC-Q(C+dC) = -(-r)Adx
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Substituting the values for (-r) in this equation and simplifying, it
is:
dC = (A/Q) [(v, C CE )/ (Km C)] dx
By integrating the equation, one obtains:
(Km /vm ) In (Co/C) (1/vm ) (Co - C)

(A/Q) CE dx

where:
v, = maximum degradation velocity (ppm.ml/enzyme unit.hr)
= Michaelis Menten constant (ppm/hr)
CE = enzyme concentration (enzyme units / ml)
Assuming that a uniform distribution of the biomass concentration
within the reactor exists and that the fungus is producing enzymes at
constant rate, then a linear increase in the enzyme concentration as
a function of reactor height should be observed. Table 11 presents
data for the concentration of primary nutrients and enzyme in the
packed bed reactor at different sampling ports. These concentrations
are graphically presented in Figures 13 and 14. One can see that the
data obtained for the enzyme concentration were not linear. However,
these data can still be adequately expressed mathematically. A mass
balance for the enzyme responsible for 2-chlorophenol degradation in
the reactor can be written as:
QCE = Q (CE + dCE) - rE A dx
dCE = rE A dx
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Integrating:
CE =

A rE dx

The integral on the right hand side can be evaluated, if we assume that
the production of the enzyme is a function of glucose concentration as
given below:
rE

- K E rG

i.e.:
dCE/dx = K E dCG/dx
Integrating:
CE = K E CG Ki
Where:
CE = enzyme concentration (enzyme units/ ml)
CG = glucose concentration (mg/ml)
K E = proportionality constant (enzyme units/mg)
K, = integration constant (enzyme units/ml)
Assuming that rate of glucose depletion in the reactor is well represented by the following equation:
-rG

= K G CGn

A mass balance for glucose in the reactor can be written as:
Q CG = Q (CG dCG) -4- KG CGn dV
Simplifying:
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Q dCG /dV = —

KG CG n

(Q/A) dCG /dx =

KG

CGn

The solution of the equation is :
CG1—ra CGol—ra = [( KG

cGi-n =

CG01--n

A/Q)(n-1)] L

[(KG A/Q)(n-1)] L

CG = [CG ol-n + [(KG A/Q)(n-1)]
Where:
CG0 = glucose concentration in feed (mg/cc)
CG =

glucose concentration (mg/cc)

Q = liquid flow rate (cc/hr)
V = reactor working volume (cc)
L = length of reactor (cm)
Substituting the value of
CE =

CG

in the equation for enzyme concentration:

— KE [CG01—n + [(KG

A/Q)(n-1)] L1-n K,

The integral on the right hand side in the original equation on page 42
can finally be evaluated by integrating the above equation with respect
to x:
CEdX = —(KE/KG)

(Q/A) (1/2-n) [CGol-n + ((KG A/Q)(n-1)) LP-n)/(1-n) K i L

The values of Kn„vn„KE,Ki and n were calculated from a regression
analysis of the data reported in Table 11 and 12. For an initial glucose
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concentration of 2mg/ml, flow rate of 180 ml/hr and cross-sectional area
of the reactor of 80 cm2, the corresponding values for these constants
are:
Kin = 87.23 (ppm)
vm

= 0.0121 (ppm .ml /hr .enzyme units)

KE

=

KG

=

77 (enzyme units ml/mg
0.0466 (mg/m1)1-Vhr

Ki = 159 (enzyme units/ml)
n = 2A82
This model was tested with two different 2-chlorophenol concentrations,i.e., 266 ppm and 505 ppm at a constant flow rate of 3 ml/min.
The data obtained under these conditions are presented in Table 12 and
13. Figure 15 shows a comparison of the experimental data obtained
with a 2-chlorophenol input concentration of 266 ppm with a curve obtained from the regression analysis. Figure 16 shows a comparison of
the experimental data obtained with a 2-chlorophenol input concentration of 505 ppm with a theoretical curve based on the same Michaelis
Menten constants obtained from Figure 15. It should be emphasized
that the mass balance for the enzyme is the same in both cases, because
of the assumption made in the derivation.
The data in Table 10 were also re-examined. In this set of experiments only the inlet and outlet 2-chlorophenol concentrations were
recorded as a function of flow rate. No intermediate samples were
taken and the concentrations of glucose,nitrogen and enzyme were not
monitored.
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The data were interpreted using the same equation reported above,
i.e.:

(Km /vm ) In (Co/C) + (l/vin ) (Co - C) = (A/Q) CE dx

Where the integration on the right hand side was calculated using the
equation on page 43:

CEdx.-(K E /KG ) (Q/A) (1/2-n) [CG oi — n + ((KG A/Q)(n-1)) 1-1(2-n )/(1-n)

Ki L

The values of the Michaelis Menten constants used in these equations
were the same as found before, i.e.:

Km = 87.23 (ppm)
= 0.0121 (ppm .m1 /hr .enzyme units)

The outlet concentration was then calculated, by trial and error,
from the above equations using flow rate (Q) as the independent variable.

These theoretical results were then compared with the experimental
results of Table 10. The comparison is graphically presented in figure
17. From this comparison one can conclude that the correlating equation can satisfactorily predict the 2-chlorophenol degradation rate in
the packed bed with in an error of about 15 %.

CHAPTER FIVE

CONCLUSIONS
[1] Phenaerochaete chrysosporiun can degrade 2-chlorophenol at concentrations up to 500 ppm.
[2] Phanerochaete chrysosporium is not active when grown in suspension in a well agitated fermenter. However, the degradative activity
may be increased by allowing the fungus to grow on and into porous
support particles suspended in the agitated fermenter.
[3] In well agitated fermenters, the pore size of the solid support seems
to be critical. Too small a pore size prevents the fungus from growing
inside the support, thus exposing it to shear stress effects. This
inhibits the degradation activity of the fungus.
[4] Wood chips can be used as packing material instead of porous silica
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based catalyst in a packed bed reactor without loosing any fungal
degradative activity.
[5] Wood chips alone can not serve as both carrier and co-substrate.
[6] Concentrations of co-substrates like nitrogen and glucose seem to
be critical for attainment of good degradative activity.
[7] H202 added to the feed not only resulted in an increase in the fungal
degradative activity but acted as alternative source of oxygen during
the lignolytic enzyme production period.
[8] The Michaelis Menten enzyme kinetics equation can adequately represent the experimental degradation rates for 2-chlorophenol obtained in this work.
[9] Complete mineralization of 2-chlorophenol by the fungus is confimed
by chromatographic analysis and nearly stoichiometric production
of chloride ions.

CHAPTER SIX

FUTURE WORK
. Continuous stirred tank reactor processes should be studied in detail utilizing other porous solid materials such as poly-urethane and
similar polymers.
. Optimal concentrations of co-substrates like glucose and nitrogen in
the feed need to be studied in detail to optimize enzyme production.
. The enzyme production kinetics in the packed bed reactor should
be studied in detail.
. The design of packed bed reactor for enhanced performance should
be improved (e.g., by eliminating liquid mole distributions in packing material).
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• The performance of packed bed reactor configuration should be
tested using real waste.
• Other recalcitrant compounds of industrial interest should also be
tested.
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Table 1
Change in primary neutrient concentrations in batch reactor.
Culture Age
(Days)
1
2
3
4
5
6
7
8
9

Glucose
(g/l)
10.0
9.4
8.7
7.9
7.3
5.6
4.8
4.3
3.9

Nitrogen
(ppm)
33.5
21.8
10.3
2.1
0.0
-

Table 2
Relationship between culture age, biomass and
respiration rate in batch reactor
Culture Age
(Days)

1
2
3
4
5

6
7

Respiration rate
(ppm) 02 /min
0.10
0.30
0.61
0.93
1.03
1.00
0.97

Biomass

(mg/1)
57.2
164.0
580.7
842.1
1032.0
1201.2
1270.5

57

Table 3
Bio-degradation of 2-chlorophenol in batch reactor containing
immobilized fungus on 2 % biocatalyst JGP 73-2, 14-30 mesh.
Time
(hours)
0
8
12
24
30
36
48
60
96
120

Conc. in reactor
(PPm)
220.6
198.6
190.1
168.1
160.5
151.6
130.6
118.1
84.9
66.8

Stripping with air
(PPm)
0.0
16.6
23.1
37.7
43.6
50.1
70.9
83.7
112.5
126.9

Biodegradation
(PPm)
0.0
5.4
7.4
13.8
16.5
18.9
19.1
18.8
23.2
26.9

Table 4
Bio-degradation of 2-chlorophenol in batch reactor containing
immobilized fungus on 2 % biocatalyst JGP 73-4, 14-30 mesh
Time
(hours)
0
24
48
72
96
120
144

Concentration
in reactor
(1313m)
346.6
279.8
220.4
196.7
143.7
107.7
78.6

Stripping
with air
(PPm)
0.0
24.3
43.1
51.7
63.4
72.3
79.0

Biodegradation
(PPm)
0.0
42.5
82.7
98.2
129.6
166.3
189.6

Chloride
(PPm)
101
113
121
132
138
151
158
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Table 5
Bio-degradation of 2-chlorophenol in batch reactor containing
immobilized fungus on 3 % biocatalyst JGP 73-2, 14-30 mesh
Time
(hours)

0
8
24
36
48
72
96
120
144

Conc. in reactor
(ppm)
320.1
275.8
234.8
210.5
180.7
138.6
108.6
81.00
62.7

Stripping with air
(ppm)
0.0
29.6
62.7
83.0
111.9
151.7
171.3
200.1
214.1

Biodegradation
(ppm)
0.0
15.2
23.1
27.1
27.9
30.1
40.7
39.6
43.8

Table 6
Bio-degradation of 2-chlorophenol in batch reactor containing
immobilized fungus on 3 % biocatalyst JGP 73-4, 14-30 mesh
Time
(hours)
0
24
48
72
96
120
144

Concentration
in reactor
(PPm)
320.3
232.5
190.1
130.1
84.6
64.1
41.4

Stripping
with air
(1313m)
00.0
20.7
36.9
51.3
61.4
65.8
70.9

Biodegradation
(PPm)
0.0
68.6
98.4
145.6
181.6
191.6
210.1

Chloride
(PPm)
101
116
123
135
138
148
155
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Table 7
Bio-degradation of 2-chlorophenol in chemo-static reactor
containing immobilized fungus on 2 % biocatalyst
JGP 73-4, 14-30 mesh

Time

Flow Rate

hour
0
24
48
72
96
120
144
168
192
216
240

ml/min
1.0

2-Chlorophenol
Concentration
Exit
Inlet
ppm
ppm
251.3
136.2
228.6
118.9
80.4
51.7
135.4
41.6
39.1
40.7
39.7
133.1
40.2
39.9

Chloride
Concentration
Exit
Inlet
ppm
ppm
101
101
112
121
123
102
124
126
127
128
101
128
127
128
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Table 8
Bio-degradation of 2-chlorophenol in packed bed reactor
containing no induction medium in feed

Time

Flow Rate

Days

ml/min
3.0

0

2
3
4
5
6
8
9
10
11
12
13
15
16
17
18
19
20
23
24
25
26
27
28
29
30

2- Chlorophenol
Concentration
Inlet
Exit
ppm
ppm
140.6
0.0
59.4
58.9
59.8
138.7
59.8
61.6
59.1
60.7
136
59.7
60.2
59.9
59.9
139.4
61.9
61.5
59.1
63.1
64.3
138.4
66.1
66.5
70.4
139.4
75.1
78.5
84.3
137.8
85.1
90.5
94.3

Chloride
Concentration
Inlet
Exit
ppm
ppm
101
101
127
126
126
103
128
127
127
127
101
126
127
127
127
100
127
127
126
127
127
100
125
123
122
101
122
120
118
101
118
117
116
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Table 9
Bio-degradation of 2-chlorophenol in packed bed reactor
with feed containing induction medium

Flow Rate

Residence
Time

ml/min
1.5
3.0
4.5
6.0
7.5

hours
5.55
2.75
1.83
1.39
1.11

2-Chlorophenol
Concentration
Inlet
Exit
ppm
ppm
251.2
85.1
256.4
137.6
253.6
160.9
257.1
180.4
254.7
201.0

Chloride
Concentration
Exit
Inlet
ppm
ppm
101
139
101
128
101
122
101
118
101
109

Table 10
Bio-degradation of 2-chlorophenol in packed bed reactor
containing 1000ppm H2 02 in Induction medium.

Flow Rate

Residence
Time

ml/min
1.5
3.0
3.0
4.5
6.0
7.5

hours
5.55
2.75
2.75
1.83
1.39
1.11

2-Chlorophenol
Concentration
Inlet
Exit
ppm
ppm
268.7
11.5
266.2
56.4
505.6
121.7
263.8
87.5
262.4
124.4
265.2
134.5

Chloride
Concentration
Inlet
Exit
ppm
ppm
101
189
101
168
101
168
101
147
101
138
101
129
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Table 11
Change in primary nutrient and enzyme production
in packed bed reactor
Port No.
Inlet
1

2
3
4
Exit

Nitrogen
ppm
3.5
1.6
0.2
-

Glucose
g/1
2.00
1.42
1.03
0.87
0.76
0.65

Enzyme
units
0.0
54
72
92
102
104
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Table 12
Bio-conversion of 2-chlorophenol in packed bed reactor
Feed concentration 266 ppm 2-chlorophenol
Flow Rate 3 ml/min
Port No.
Inlet
1
2
3
4
5

2-Chlorophenol Concentration
ppm
266.2
221.8
147.2
102.1
78.3
56.3
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Table 13
Bio-conversion of 2-chlorophenol in packed bed reactor
Feed concentration 505 ppm 2-chlorophenol
Flow Rate 3 ml/min
Port No.
Inlet
1

2
3
4
5

2-Chlorophenol Concentration
ppm
505.6
449.8
318.6
224.8
168.4
111.3
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Table 14
Comparison of the preliminary first order constants
for removal of 2-chlorophenol in different reactor
configrations by Phanerochaete chrysosporium

Batch reactor
. Fungus immobilized on 2 % JGP 73-2

1.204 x 10-4 hr-1

. Fungus immobilized on 2 % JGP 73-4

1.097 x 10-3 hr-1

. Fungus immobilized on 3 % JGP 73-2

9.506 x 10-4 hr-1

. Fungus immobilized on 3 % JGP 73-4

2.827 x 10-3 hr-1

Chemostatic reactor
. Fungus immobilized in 2 % JGP 73-4
and feed containing induction medium

3.38 x 10-2 hr-1

Packed bed reactor
. Packed bed reactor with balsa wood packing
and feed containing no nutrients

4.97 x 10-1 hr-1

. Packed bed reactor with balsa wood Packing
and feed containing induction medium

3.34 x 10-1 hr-1

. Packed bed reactor with balsa
4.110 x 10-1 hr-1
wood packing and feed containing 1000ppm 112 02
in induction medium
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Figure 1
Schematic Diagram of Experimental Setup
for Batch Fermentor
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Figure 2
Schematic Diagram of Experimental Setup
for Packed bed Reactor
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Figure 3
Change in primary nutrients
concentration in batch reactor

69

Figure 4
Relationship between culture age,
biomass and respiration rate
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Figure 5
2—Chlorophenol removal in batch reactor
using fungus immobilized in 2 % JGP, 73-2
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Figure 6
2—Chlorophenol removal in batch reactor
using fungus immobilized in 2 % JGP 73-4
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Figure 7
2—Chlorophenol removal in batch reactor
using fungus immobilized in 3 % JCP 73-2
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Figure 8
2—Chlorophenol removal in batch reactor
using fungus immobilized in 3 % JCF 73-4
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Figure 9
2--Chiorophenol removal in chemostatic reactor
using fungus immobilized in 2 % JGP 73-4
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Figure 1 0
2—Chlorophenol removal in packed bed
reactor containing no induction
medium in feed
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Figure 1 1
Performance of packed bed reactor
fed with induction medium
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rigure 12
Performance of packed bed reactor
feed containing 1000 ppm H202 in
induction medium
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Figure 13
Change in primary nutrients in packed bed
reactor (How rate = 3 mi/min)
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Figure 14
Change in enzyme concentration in packed
bed reactor (Flow rate
3 mire min)
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Figure 15
Change in 2—chtorophenol concentration in
packed bed reactor (Flow rate = 3 ml/min)
Feed concentration = 266 ppm
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Figure 16
Change in 2—chlorophenol concentration in
Packed bed reactor (Flow rate 3 ml/min)
Feed concentration 505 ppm
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Figure 17
Comparison of Theoretical and
experimental data for packed bed reactor

